ABSTRACT Habitat fragmentation increases habitat edge, which often enhances predation pressure. This phenomenon, termed the "edge effect," has been documented for many organisms. However, its underlying mechanisms are not sufÞciently understood, particularly for insect species. Thus, we aimed to interpret the behavioral mechanism of edge effects in two cicada species: Graptopsaltria nigrofuscata (Motschulsky) and Cryptotympana facialis (Walker) (Hemiptera: Cicadidae). In recent decades, the G. nigrofuscata has been decreasing in urban environments, whereas C. facialis has not. We compared the predation pressure by birds in four urban and three suburban habitats and we observed predation-avoidance behaviors. Results showed that the G. nigrofuscata incurred extremely high predation pressure. However, in C. facialis, predation pressure was constant among habitats. Behavioral observations revealed that predation avoidance of G. nigrofuscata was highly cover dependent, because threatened individuals hid in nearby trees. When tree cover is highly fragmented, the G. nigrofuscata probably has difÞculty hiding. However, C. facialis ßed cover independently. From these results, we concluded that the main causes of the decline of G. nigrofuscata in urban habitats were its cover dependence and the increasing discontinuity of tree coverage.
Habitat fragmentation is regarded as one of the most important factors by which human activities decrease the abundance of some organisms and consequently degrade biodiversity. Some effects of fragmentation are direct, e.g., incidental habitat loss (Robinson et al. 1995; but see Fahrig 2003) , increased environmental and genetic stochasticity (Goodman 1987 , Menges 1991 , and the risk of inbreeding depression (Andersen et al. 2004) . In some cases, fragmentation affects abundance and/or diversity indirectly via increased habitat edge. Many studies have revealed that the internal and near-edge regions differ from one another in various ecological conditions, such as vegetation structure (Didham and Lawton 1999; Gehlhausen et al. 2000) , temperature and moisture regimes (Camargo and Kapos 1995, Gehlhausen et al. 2000) , and predation and parasitism risks. Among these conditions, edge-associated predation has received much attention. The term "edge effect" refers to an effect of the habitat edge leading to a change in abiotic and biotic conditions, particularly that of predation pressure.
Many studies of edge-and fragmentation-associated predation have been conducted in various taxa (see Discussion). However, the effect of the habitat edge is not consistent; in some cases, it is signiÞcantly negative, in some signiÞcantly positive, and in others not signiÞcant (see Discussion). Why is the edge effect variable? What determines the direction and the intensity of the edge effect? So far, this issue has been addressed with a phenomenon-oriented approach, which examines the correlation between the edge effect and other conditions such as nest type or vegetation type at the nest site (e.g., Batáry and Baldi 2002) . In contrast, the behavioral interactions between predators and prey, as a mechanism yielding an edge effect, have received less attention. Therefore, the interpretation of reasons for signiÞcant or insigniÞcant edge effects is inevitably speculative. Answering this question will require a mechanism-oriented approach that focuses more on behavioral interactions between predators and prey.
In some recent studies, the behavioral mechanisms leading to edge effects have garnered more interest (e.g., Pö ysä et al. 1999; Anderson and Boutin 2002) . In many studies, however, a behavioral mechanism was hypothesized but not tested (e.g., Chalfoun et al. 2002) . In addition, even in those studies referring to the mechanism, the behavior studied was sometimes only that of the predators, excluding the prey species. For example, some studies have argued that predators are abundant near the habitat edge (Kollmann and Buschor 2002) or that predators search for prey more intensely along the edge (Winter et al. 2000) . However, such a one-sided behavioral mechanism cannot explain differences in the impact of edge effects among related prey species. That is, if the main predator is a generalist, the effect of the habitat edge should be similar among prey species. As described above, however, the direction and intensity of the edge effect often vary among prey species. To interpret such phenomena reasonably, it is essential to consider differences in the behavioral responses of prey species and their interactions with predation tactics. For example, some prey may use environmental structures and coloration as refuges or background for cryptic morphology (e.g., Main 1987; Bursell and Dyck 2003) . For such species, habitat modiÞcation (e.g., fragmentation) accompanied by human activities may impede predation avoidance and consequently increase predation pressure. Therefore, studies of behavioral interactions between predator and prey, and the effect of the environment on the interaction, may help elucidate the causal relationship between changes in habitat structure and the edge effect. If we can specify which part of the predatorÐprey interaction is affected by habitat fragmentation, then we can understand why some species incur edge effects and others do not. Moreover, we may be able to predict how edge effects will affect individual species.
In this article, to determine whether differences in the abundance of fragmented habitat can explain differences in predation-avoidance behaviors, we investigated the abundance, predation pressure, and predation-avoidance behavior of two cicada species, Graptopsaltria nigrofuscata (Motschulsky) and Cryptotympana facialis (Walker) (Hemiptera: Cicadidae), in highly fragmented and moderately fragmented habitats. These cicadas are common species in the lowlands of western Japan; thus, their habitat ranges overlap areas of intense human activity. It is generally thought that G. nigrofuscata has been decreasing in urban areas in recent decades (Kitamoto 1997) . Although no scientiÞc data are available on the past demography of these cicadas, some recent studies have suggested that the black cicada is dominant in urban areas, whereas the G. nigrofuscata is dominant in suburban areas (Kishimoto et al. 1994; Kitamoto 1997) . Therefore, we Þrst collected the nymphal skins of cicadas from highly fragmented urban and moderately fragmented suburban habitats to conÞrm whether the large G. nigrofuscata is rare in urban habitats. Second, we collected cicada corpses from urban and suburban habitats, and we found that most G. nigrofuscata adults in urban habitats had died from avian predation. Subsequently, we observed cicada predation-avoidance behavior and avian predation behavior, and we found that the disproportionately high predation pressure on the G. nigrofuscata resulted from its avoidance behavior and the spatial structure of urban habitat. Finally, we discuss the general mechanisms underlying the edge effect and its applicability in mitigating the effect.
Materials and Methods
Study Sites. Nymphal skins and corpses of cicadas were collected from four urban parks located in Osaka, the most developed city in western Japan, and from three suburban parks located 10 Ð20 km from Osaka ( Table 1 ). The urban parks were surrounded by commercial or residential areas. These parks contained many cherry (Prunus spp.) and Japanese zelkova [Zelkova serrata (Thunb.)] host trees. Many trees were planted and managed as garden trees to maintain visibility, with an emphasis on esthetic value; thus, the trees were planted solitarily or in rows, and many branches were pruned. As a result of such management and the isolated location of each park, the coverage of host trees providing habitat for cicadas was fragmented, not only at the patch and habitat scales but also at the landscape scale. In contrast, the suburban parks were located along borders between natural montane forests and residential areas, and the frequency of maintenance activity was relatively low. Therefore, the coverage of host trees in suburban parks had greater continuity both within each park and with the surrounding forest.
Nymphal Skin Collection. Cicadas spend a long nymphal period of several years on tree roots underground. When the Þnal instar is ready to molt, it emerges from the ground and sheds its skin on a nearby tree. The adult ßies away after ecdysis, but the skin remains on the tree for several weeks. Species and sex can be determined from the skin. Therefore, the skins are a good indicator of the number of cicadas that emerged at a site. We used a skin count to estimate the abundance of the two species at four urban and three suburban parks (Table 1) . Collections were made once at each study site in August 2003 and three times during JulyÐAugust 2004 (see Corpse Collection). The three collections in 2004 spanned the duration of adult emergence of the two cicada species, and they should reßect the number of emerged individuals of each species. Skins were collected by hand or by using an insect net with a 4-m shaft. The skins were taken to the laboratory and counted by species and sex.
Corpse Collection. To investigate the cause of death of adult cicadas, entire or pieces of C. facialis and G. nigrofuscata corpses were collected from the four urban parks and three suburban parks from late July to late August 2003 and (Table 1) . Four investigators collected as many cicada corpses as possible in a 2-h period at each site. Collections were conducted three times at Ϸ2-wk intervals. The corpses were taken to the laboratory and assigned to one of the following causes of death: natural (no damage), bird predation (pierced exoskeleton or wings), spider predation (spider silk present), and unknown. For those preyed upon by birds, which were often partial corpses, the number of left and right forewings was counted separately, and the higher number was regarded as the total number of individuals. The forewing is a good indicator of the number of cicadas consumed by birds (Karban 1982) because of its inedibility and large size. Small-to medium-sized birds, such as bulbuls, cannot eat cicada wings; consequently, the wings are wrenched off before consumption, and the large forewings can be readily found in the Þeld. Fleeing Behavior. We observed the behavior of cicadas ßeeing from a simulated predator (a 20-by 20-cm piece of black polyethylene sheet attached to the tip of a 4-m net shaft). Observations were conducted on 12 August 2003 in a Prunus plantation in Osaka Castle Park, where Ϸ200 trees of various horticultural species of Prunus are planted in a grid at intervals of Ϸ4 m. When the simulated predator approached a randomly chosen focal cicada, the cicada ßew away, and we observed where it went. The behavior of ßeeing cicadas was categorized into three classes: returned to the original tree, moved to a neighboring tree, or moved to a location outside the surrounding trees.
Corpse Distance from Host Trees. To investigate the distance from host trees of G. nigrofuscata at the time of attack by birds or natural death, we measured the distances from the cicada corpses to the nearest host tree at one urban study site, Kohzu Shrine, on 20 August 2003. Measurements were made using a laser distance meter (DISTO Light5; Leica Geosystems, Heerbrugg, Switzerland) for all G. nigrofuscata corpses.
Direct Observation of Predation. We directly observed avian predation behavior during corpse collection. When any bird was seen, we observed whether it attacked and the success or failure of the predation attempt. The bird species, associated predatory behavior, and hunting success were recorded only when cicadas were attacked.
Statistical Analyses. The relative abundance of the two cicada species as evaluated from the skins was analyzed for all study sites. The abundance was compared using Fisher exact test for each site, and probabilities were adjusted using HolmÕs method for multiple comparisons among sites. For each cicada species, the proportion of cicadas preyed upon was analyzed using a multilevel logistic model (WolÞnger and OÕConnell 1993) . In the analysis, the surrounding environment (urban or suburban) and the study site within each environment were regarded as Þxed and random effects, respectively. To compare ßeeing behavior between the species, a two (cicada species) ϫ 3 (behavioral categories) contingency table was analyzed using Fisher exact test, improved for tables larger than 2 by 2 (Clarkson et al. 1993 ). The distances from cicada corpses to the nearest host tree were compared between types of death (natural or bird predation) using a MannÐWhitney U test. All analyses were conducted using R version 2.0.1 (Ihaka and Gentleman 1996) .
Results
Nymphal Skin Collection. We collected 2,160 and 1,122 skins of G. nigrofuscata and C. facialis, respectively. The skins of C. facialis were more abundant than those of G. nigrofuscata at urban sites and less abundant at suburban sites (Fig. 1) . The relative abundance of skins differed signiÞcantly between urban and suburban sites (P Ͻ 0.01; Fisher exact test with HolmÕs adjustment), except at Tsurumi.
Corpse Collection. The corpses collected from the seven study sites corresponded to 1693 and 1940 individuals of G. nigrofuscata and C. facialis, respectively. For all study sites, after natural death (0 Ð 60%), the dominant cause of death was bird predation (Ͼ40%); each of the other causes was relatively small (Ͻ5%); therefore, they were not analyzed. The birdpredation ratio (proportion of individuals preyed upon by birds among all corpses) of G. nigrofuscata in urban parks exceeded 90%, and it was signiÞcantly higher than that in suburban parks (Z ϭ 6.39, P Ͻ 0.001; multilevel logistic model). There was no significant difference in the bird-predation ratio between urban and suburban parks (P ϭ 0.10) in C. facialis (Fig.  2) . It was impossible to identify the species of predator birds from observations of the corpses; however, the brown-eared bulbul, Hypsipetes amaurotis Temminck, is one of the most common wild birds in low-elevation areas of Japan, and it was frequently observed at each study site during corpse collection. The brown-eared bulbul seems to be one of the most important predators of cicadas in both urban and suburban parks. Fleeing Behavior. The ßeeing behavior of 74 G. nigrofuscata and 129 C. facialis was observed. The two species exhibited completely different ßeeing behaviors. After initially leaving their host trees as a result of the simulated predator, nearly half of the G. nigrofuscata returned to the original host trees, and most of the remainder moved to neighboring trees. G. nigrofuscata hovered slowly around trees as they searched for a location to hide. In contrast, more than two-thirds of C. facialis moved to a location beyond the surrounding trees. They ßew in straight lines to surrounding trees at high speeds. The proportion of individuals displaying each ßeeing behavior differed signiÞcantly between the two species (P Ͻ 0.001; Fisher exact test) (Fig. 3) .
Corpse Distance from Hosts. The distance from the corpse to the nearest host tree was measured for 304 G. nigrofuscata corpses, of which 26 had died of natural causes and 278 were attacked by birds. Most (Ϸ85%) of the G. nigrofuscata that had died naturally were located within 2 m of the nearest host tree, whereas Ͻ50% of corpses attacked by birds were within 2 m (Fig. 4) . The median distances of corpses from host trees were 10.68 and 22.94 m for cicadas that died of natural causes and of bird predation, respectively, and they differed signiÞcantly (P Ͻ 0.001; MannÐWhitney U test).
Direct Observations of Predation. We observed eight predatory attempts on cicadas by birds (Table  2) . In each case, the bird species was the brown-eared bulbul, although the cicada species varied and included Meimuna opalifera Walker, which is smaller than the G. nigrofuscata and C. facialis. In the second attack, the beak of a bulbul touched the wings of a G. nigrofuscata in the air in only one of eight attack attempts, but the bulbul was unable to capture the cicada. Consequently, none of the eight attempts was successful. 
Discussion
We found that G. nigrofuscata was rare in highly fragmented urban habitats compared with the C. facialis, which dominated these areas. This Þnding supports observations from previous studies (Kishimoto et al. 1994; Kitamoto 1997) . Second, the collection of corpses from the seven study sites showed that G. nigrofuscata adults in the urban environment were exposed to extremely high predation pressure from birds. Third, we found that the two species exhibited different ßeeing behaviors when threatened: the G. nigrofuscata left the host tree, hovered in search of nearby host trees, and then clung to a nearby tree, whereas the C. facialis quickly escaped to trees farther away. Finally, observations of predation and corpses showed that the main predators of cicadas were birds, particularly the brown-eared bulbul.
We did not directly observe predation of cicadas by predators, and we only collected data indirectly to assess the abundance of cicadas and the cause of death. However, before evaluating the results, we must examine the validity of the data and the interpretations. We estimated the relative abundance of G. nigrofuscata and the C. facialis from nymphal skins collected at the study sites instead of directly estimating numbers of the two species. The nymphal skins of both species are similar in size and morphology, and they are large enough (Ϸ35 mm in length) to be found easily. In addition, they are robust and can maintain their shape for several weeks even when exposed to the weather. Therefore, the number of nymphal skins is a good indicator of the abundance of cicada species, and we are conÞdent that our estimations were precise. Second, our assessment of the cause of death was based on cicada corpses collected in the Þeld. The frequency of death caused by factors other than avian predators was very low (Ͻ5%; Fig. 2 ), so the error involved in these causes had minimal impact on the results. The most questionable issue is the accuracy of our estimated frequency of bird predation. The identiÞcation of beak marks per se was unquestionable, but we could not determine when birds had pecked an individual cicada, i.e., before or after the death of the cicada. We found many cicada corpses at the study sites and collected Ͼ3,600 corpses, which were immobile and seemed easy to peck. However, we seldom observed scavenging behavior by birds on cicada corpses, whereas birds were often observed attempting to attack living cicadas. Because the air temperature of Osaka Prefecture in summer is high (the monthly mean temperature in August 2003 was 28.3ЊC), the corpses begin to decay immediately. This may be one of the reasons why birds scavenged little. In addition, the tendency for G. nigrofuscata to be exposed to higher predation pressure than C. facialis in urban habitats seemed consistent even if birds scavenged with some frequency. From these results, we concluded that the proportion of bird-attacked corpses was valid as a relative indicator of bird predation among the study sites and between cicada species. Finally, we did not conÞrm the abundance of predatory birds at each study site. The higher predation risk for G. nigrofuscata in urban habitats may be attributed to the disproportionate abundance of predators at urban sites. If this was indeed the case, the C. facialis also would incur an increased predation risk at urban sites. However, the predation risk for the black cicada was virtually constant among study sites. Thus, it seems implausible that the number of predatory birds was markedly different between urban and suburban habitats.
Direct observations of predation attempts highlighted the most serious issue for cicadas when avoiding bird attacks. Most predatory birds, such as bulbuls, cannot perch on the vertical main stems on which their prey rest and therefore attempt to attack cicadas without landing. However, to avoid colliding with the tree trunk, the birds must slow down just before they reach their prey, and the cicadas can easily avoid the Þrst attack. Therefore, for cicadas, the most important issue is to avoid subsequent attacks. This observation was supported by the location of corpses in the Þeld. Corpses of bird-attacked cicadas were located farther from host trees than those that died naturally (Fig. 4) .
To resolve the issue of the subsequent attacks, the two cicada species responded in completely different ways, as evidenced by ßeeing behaviors in response to the simulated predator. After being threatened, G. nigrofuscata that took off hovered around the host trees as if searching for stems on which to cling. In areas with continuous tree coverage, they can probably Þnd and cling to host trees easily; therefore, this tactic is highly efÞcient because the predation risk is relatively low as long as they cling to main stems. However, in areas with fragmented coverage, predators can easily attack G. nigrofuscata hovering in the G. n., G. nigrofuscata; C. f., C. facialis; and M. o., Meimuna opalifera. air. In contrast, C. facialis quickly ßew to more distant sites, and they seldom returned to the original host tree. Although one-third of the black cicadas clung to surrounding trees, this occurred because they accidentally collided with the trees. Fragmented patches in which trees are scarce may therefore be more favorable for the predator avoidance tactics of the C. facialis. Indeed, this cicada prefers an open environment, e.g., solitary planted trees and long shoots that stick out from canopies (K.I.T., unpublished data). Thus, the predator-avoidance tactics of G. nigrofuscata and C. facialis are very different and can be regarded as cover-dependent and cover-independent tactics, respectively (Lima and Valone 1991) . From these results, we conclude that the fragmented structure of urban habitats negated the coverdependent tactics of G. nigrofuscata and that it greatly increased predation pressure, resulting in the decreased abundance of this species in urban habitats. In contrast, the cover-independent tactics of the C. facialis were probably less inßuenced by habitat fragmentation, and consequently the cicada fauna in urban habitats is biased toward C. facialis. Although we did not directly examine the effect of predation on the population dynamics of cicadas, it is plausible that such intense predation of G. nigrofuscata adults decreased the population density of this species.
The results of this study provide an important implication for the ecological effects of habitat fragmentation and edges. Numerous empirical studies have shown signiÞcantly negative effects of a habitat edge on survival in wide-spread taxa, e.g., birds (Gates and Gysel 1978; Yahner and Wright 1985; Golden and Crist 2000) , mammals (Anderson and Boutin 2002; Wolf and Batzli 2004) , arthropods (Hovel and Lipcius 2001; Hovel 2003; Ries and Fagan 2003) and plants (Williams-Linera 1990; Kollmann and Buschor 2002) . However, the direction and intensity of edge effects are diverse; some studies detected a signiÞcantly positive effect of habitat edges on survival (Burkey 1993; Guzmán-Guzmán and Williams-Linera 2006) , and others failed to detect a signiÞcant effect (Hanski et al. 1996; Thorington and Bowman 2003) . This is probably because studies on the edge effect have been conducted with various prey and predator species, and the concrete mechanisms of predation and predator avoidance differ in each system. It seems unrealistic to assume that a uniÞed explanation exists for the edge effect (Paton 1994) . However, we think that the structure or background dependence of predation-avoidance tactics can be a key concept that enables a comprehensive interpretation of the edge effect on survival. To date, the edge effect has often been tested in sessile or less mobile organisms, including bird eggs and hatchlings (e.g., Gates and Gysel 1978; Winter et al. 2000) , insect egg sacs (Ries and Fagan 2003) , and plant seeds and seedlings (Ló pez-Barrera et al. 2005; Guzmán-Guzmán and Williams-Linera 2006) . This tendency probably reßects attempts at efÞcient data collection, but this may divert attention from the predation-avoidance tactics and the relationship of prey with its surroundings. The predation-avoidance tactics in immobile organisms may be less conspicuous than those of mobile animals, even though less mobile animals also expend much effort to avoid predation. For example, cryptic morphology in the coloration and surface texture of eggs and seeds can function as a predation-avoidance tactic, and it is plausible that the efÞciency of such a tactic depends on the surrounding structure. Like other traits, cryptic morphology and related traits, for example, habitat preference, have been optimized for the original environment at an evolutionary timescale (Main 1987; Lima and Valone 1991; Bursell and Dyck 2003) . Therefore, when the habitat structure is modiÞed, it is likely that conditions such as the photoenvironment and the background coloration change at the same time; as a result, the cryptic morphology is no longer optimal. Other predator-avoidance tactics, including behavioral traits such as those described in this study, can be affected similarly. Thus, understanding the structure dependence of predator avoidance can provide an important conceptual framework to comprehensively interpret the edge effect and to reasonably explain species-speciÞc responses to habitat modiÞcations. We think that it is promising to reassess the edge effect from this viewpoint.
A comprehensive interpretation of the edge effect may help to conserve endangered species. The understanding of concrete mechanisms often suggests direct methods for conservation and thereby contributes to the economy of time and effort. Furthermore, understanding the mechanisms enables a quantitative evaluation of the effects of development and conservation. In cicadas, particularly the G. nigrofuscata in Japanese urban regions, the Þrst step in their conservation is the planting of host trees at greater densities. The quantitative effects of such planting can then be readily and directly examined by monitoring the birdpredation ratio.
